We explore the properties of casein/xanthan mixtures for xanthan concentrations beyond those inducing phase separation. Previous work has successfully described the onset of demixing by depletion theory in the protein limit, where the xanthan polysaccharides, the polymers, are larger than the caseins from skim milk powder, the colloids (S. Bhat et al., J. Phys.: Condens. Matter, 2006, L339). We now extend these studies to xanthan concentrations in a range of c/c* ¼ 13-88, aiming to arrest the phase separation via a (transiently) arrested casein-rich phase. Surprisingly, we find that the casein-rich phase remains fluidic deep into the two-phase region, with an equilibrium composition that significantly differs from predictions for mixtures of hard spheres plus flexible polymer chains in a good solvent. Furthermore, we show that macroscopic phase separation is arrested for c/c* > 60. Our investigations reveal that the rheological properties of the mixtures are fully determined by the xanthan-rich phase with characteristic long relaxation times that depend remarkably strongly on the xanthan concentration.
Introduction
Many food products consist of mixtures of polysaccharides and proteins, which determine their structure, texture, and sensory properties. Above certain polysaccharide concentrations these mixtures tend to phase separate into polysaccharide-rich and protein-rich phases, [1] [2] [3] [4] [5] [6] [7] which reduces the visual attractiveness and pleasant mouth feel of the product. In order to design and process food materials it is thus essential to gain a thorough understanding of the parameters governing such demixing processes and to develop strategies to avoid them.
Unfortunately, the tendency of colloid/polymer mixtures to phase separate is inherent to these systems because of the depletion effect; the steric exclusion of the polymer from an area around the colloid results in an effective attraction between the colloids, which in turn leads to phase separation. 8, 9 Typically, a dense colloid phase with considerably slower dynamics than the polymer phase is formed. 10 For colloid/polymer mixtures, where the radius of gyration of the polymer R g is significantly smaller than the radius of the colloid R colloid , such phase separation can become arrested when the colloid-rich phase reaches the critical density of an attractive glass in a spinodal decomposition process. [11] [12] [13] This arrest often leads to a colloidal gel, where the mixture remains macroscopically homogeneous, while the system is heterogeneous on a microscopic level. Here the dynamically arrested colloid-rich phase forms a space-filling network that resists gravitational stresses. [11] [12] [13] [14] [15] [16] [17] This condition prevents the ultimate demixing of the system, which is exploited in food mixtures containing for instance emulsion droplets and polysaccharides, where the size ratio between the polymer and the colloid (droplet) R g /R colloid is small. [17] [18] [19] [20] In contrast, this ratio is significantly larger in protein/polysaccharide mixtures, such that the depletion attraction becomes longer ranged.
2,3 For long-ranged attractions, however, there is less consensus whether the colloid-rich phase undergoes a true kinetic arrest or to what extent gelation is a transient process.
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To induce phase separation with larger polymers, they need to be added in such quantities that they approach or surpass their overlap concentration c*. Therefore, a theoretical description of the equilibrium phase behaviour of such mixtures in the twophase region needs to take the properties of semi-dilute polymer solutions into account. 22, 23 Furthermore, non-equilibrium effects may reveal themselves in concentrated polymer solutions where entanglements become prominent.
We describe our work on mixtures of two commonly used food components, being caseins in the form of micelles as they are present in milk (R colloid z 100 nm) and renatured xanthan (R g z 230 nm). Such mixtures can be considered as colloid/polymer mixtures in the protein regime where R g /R colloid > 1.
1 Caseins form the major fraction of milk proteins. The static and dynamic properties of casein dispersions are well described by concepts used for polydisperse hard sphere colloids up to high concentrations close to the glass transition. [24] [25] [26] [27] [28] Xanthan is a rather stiff polysaccharide that forms helices in aqueous salt solutions. For renatured xanthan, i.e. a solution of xanthan that is heated above 80 C and cooled down again, this results in a persistence length of l p z 120 nm. [29] [30] [31] Above its overlap concentration, xanthan can be modelled as a semi-dilute solution of semi-flexible chains. 1, 31, 32 As established previously, mixtures of casein and xanthan exhibit phase separation when a well defined concentration of xanthan c is exceeded.
1 The position of the phase separation boundary is consistent with that expected for a depletion system. The expected values for the phase coexistence curve obtained from osmotic equilibrium theory for mixtures of hard-sphere colloids and flexible polymer chains in a good solvent are denoted as the drawn line in Fig. 1 . We now extend the investigations performed before to explore the behaviour of systems that are deeply quenched into the phase separation region within a range of xanthan concentrations c/c* ¼ 13-88. It is tempting to assume that our casein/xanthan mixtures will show the typical features of depletion systems, where the strongly slowed-down dynamics of the colloid-rich phase permanently or transiently arrest the microscopically phase separated system.
In this paper we show that visual phase separation in casein/ xanthan mixtures is indeed suppressed once the xanthan concentration reaches c/c* > 60. Surprisingly, though, we find experimental evidence that this arrest of the demixing process is purely caused by the specific properties of the xanthan-rich phase. We support these findings by a characterization of the rheological properties of xanthan. Finally, we will discuss the implications for the casein-rich phase.
Materials and methods

Materials
The anionic food grade polysaccharide, xanthan (Keltrol T), was a gift from CP Kelko Co. Ltd (M w ¼ 4 Â 10 6 g mol
Low heat grade skim milk powder (SMP) was provided by Hochdorf Swiss Milk AG. It contained 33 wt% total protein, the majority of which was casein (28 wt%). Polystyrene sulfonate particles (Polysciences, diameter 457 nm, concentration 2.5%), sodium azide (Fluka) and sodium chloride (Reactolab) were used without further purification.
Sample preparation
Stock solutions of 15 g L À1 xanthan were prepared in 0.1 M NaCl via swelling overnight at room temperature, followed by 3 h magnetic stirring at 85 C. The salt was added to screen the charges on xanthan.
Stock solutions of 30 wt% SMP were prepared by slow addition of SMP to stirred Milli-Q water at 55 C. This is significantly higher than the concentration of SMP in reconstituted milk (10 wt% 33 ). From a stock solution of 30 wt% SMP skim milk permeate was filtered out using a Vivaflow 50 ultrafiltration unit (Sartorious AG) with a 10 kDa molecular weight cut off. The skim milk permeate consisted of salts, lactose, and whey proteins (all <5 nm), and can be considered as the solvent for the casein. The initial volume fraction of casein, f ini , was calculated using eqn (1):
Here c c is the casein concentration in g per g, y is the voluminosity of casein (4.4 mL g
À1
, ref. 34) , and r (g mL À1 ) is the density of the SMP solution as measured with a density and sound analyser (DSA500, Anton Paar). For r we determined empirical relations for a background medium consisting of skim milk permeate only, eqn (2), and for a 1 : 1 mixture of skim milk permeate and 0.1 M NaCl, eqn (3):
To all mixtures 2 mM sodium azide was added to prevent microbial growth. Mixtures of casein and xanthan were prepared by 1 : 1 mixing (MS1 Minishaker, IKA) of the corresponding stock solutions, which were diluted from the main stock solutions with skim milk permeate and 0.1 M NaCl respectively. Unless stated otherwise, xanthan concentrations c are expressed in g per L of the total mixture and normalized by the overlap concentration, c* ¼ 0.08 g L
.
Confocal laser-scanning microscopy
A Leica SP5 confocal laser-scanning microscope (CLSM) was operated in the upright mode (D6000) with a 63Â waterimmersion objective. The protein phase was non-covalently dyed with 0.01 g L À1 Rhodamine B (excitation at 561 nm). After mixing the samples by vortexing, a drop was applied to a microscope slide and fixed with a spacer (Secure-Seal imaging spacer, Sigma, 0.12 mm thickness, window diameter 13 mm) under a cover glass (Corning, #1 level of the cover glass to minimize hydrodynamic interactions with the cover glass.
Rheometry
Dynamic rheology measurements were performed with a strain controlled ARES-LS1 rheometer (TA instruments). After being mixed, the samples were centrifuged at 1000 rpm for 5 min to remove air bubbles. Measurements were carried out with a platecone geometry (50 mm diameter, 0.04 rad angle, 0.0438 mm gap) in combination with a solvent trap and thermostatted at 25 C. In all oscillation measurements a 1% strain was applied, which was within the linear regime for all samples. To let the mixtures equilibrate, they were first measured at 10 rad s À1 for 1-2 h, after which a frequency sweep (100-0.01 rad s À1 ) was recorded.
Diffusing wave spectroscopy
Echo two-cell Diffusing Wave Spectroscopy (DWS) experiments in transmission geometry were performed as described previously. 35 Typical measurement times were in the range of 3-5 min. Samples were measured at 25 C in standard glass cuvettes (Hellma) with a path length L of 10 mm and a width of 15 mm. 1-2% polystyrene particles (diameter 457 nm) in water (T ¼ 25 C, h ¼ 0.89 mPa) were used as a reference to determine l* (photon transport mean free path) from the transmitted intensities I transmitted according to eqn (4):
From the DWS intensity correlation function g 2 (t) the ensemble averaged particle mean square displacement hDr 2 (t)i was obtained assuming the diameter of the illuminating extended beam d > L (d ¼ 12 mm), and L/l* [ 1 (eqn (5)-(7)):
Here g 1 (t) is the electric field correlation function, b an experimental set-up parameter, and the wave vector k 0 ¼ 2pn/l, with n ¼ 1.33 the refractive index of the solvent and l ¼ 633 nm the wavelength of the laser. It was verified that the results are in agreement with those for a limited beam width (d z L). 36 All data analyses were performed using the software package DWSRheolab (LS Instruments).
Results and discussion
Phase diagram
To investigate the possibility of gelation in casein/xanthan mixtures, we studied the phase-separation behaviour of xanthan concentrations beyond the previously determined coexistence line.
1 Fig. 2 shows the composition of the studied mixtures in the extended phase diagram of Fig. 1 . We started each experiment by vortexing the samples for 1 min. This procedure ensured that the samples were homogenized even though mixing at a molecular level was most likely not achieved. We followed the evolution of the samples for several months by visual observation and confocal microscopy.
Our visual observations directly subdivided the samples in those with c/c* < 60 that ultimately fully phase separated, denoted as open triangles in Fig. 2 , and those with c/c* > 60 that remained macroscopically mixed over several months, depicted as closed triangles. For c/c* < 60 a white casein-rich sediment appeared within several hours, which grew via further sedimentation of visible white domains with a finite size. For c/c* ¼ 13 the sediment stopped growing after approximately 24 h, at which time the upper xanthan-rich phase was almost transparent.
Although for c/c* ¼ 38 the majority of the casein-rich phase sedimented within 24 h as well, full sedimentation took several weeks.
Using the fully sedimented samples, we estimated the casein volume fraction in the casein-rich phase, f CRP , assuming that the amount of casein in the xanthan-rich phase was negligible. This is justified since the upper phases of these systems were almost transparent. In this case, f CRP can be deduced from the ratio between the height of the casein-rich phase and that of the total sample, r h ¼ h CRP /h total , and the initial casein content f ini , according to f CRP ¼ f ini /r h . We verified that the r h values did not show further changes with time. Furthermore, we assumed that the two phases reached their equilibrium compositions and that these compositions are an extension of the phase diagram for lower xanthan concentrations. This implies that c/c* in the casein-rich phase does not exceed values around unity, which can be neglected compared to the xanthan concentration in the xanthan-rich phase. The results are shown in Fig. 2 as tie lines. To test the latter assumption, we estimated the xanthan . We find c/c* values in the casein-rich phase of 4-8, which would slightly flatten the experimental tie lines. As we will discuss later on, the xanthan mesh size rather scales with $(c/c*)
, in which case the estimated xanthan concentration in the casein-rich phase would be truly negligible.
Surprisingly, the thus determined experimental tie lines have much steeper slopes than the theoretically predicted tie line in Fig. 1 ; to reach f CRP z 0.6 the concentration of xanthan must be almost a factor of 7 larger than theoretically predicted. Note that we used an upper estimate of the casein voluminosity to calculate f ini . At high osmotic pressures caseins can show some deswelling, which would result in even lower values for f ini and f CRP .
34,37
Thus, our findings show that the extrapolation of typical features of colloid/polymer mixtures truly overestimates the densification of the casein-rich phase. This is in so far surprising as several studies have shown that the theory correctly captures the experimental coexistence curves for colloid/polymer mixtures in the protein regime, 2 including the coexistence curve of casein/ xanthan mixtures.
1 Typically, such experimental curves are determined at the onset of demixing, rather than by the composition of two coexisting phases, i.e. the tie lines. Our findings thus may indicate that the theory for depletion induced phase separation in the protein limit has to be reconsidered. However, as will be discussed later, casein/xanthan mixtures cannot be regarded as simple colloid/polymer mixtures for c above c*, such that the observed discrepancy may also be specific to our system rather than generic for colloid/polymer mixtures in the protein limit.
Besides denoting the composition of coexisting phases, tie lines also indicate the volume ratio between the two phases. The microscopic evolution of phase separation is linked to this ratio, as shown by the schematics in Fig. 1 . Exactly half-way the tie lines the volumes of the two phases are equal. After quenching at such a location in the phase diagram one expects the formation of a bicontinuous network in the early stages of spinodal decomposition. For compositions closer to the binodal the formation of a space-spanning network by the minority phase is less likely. Here the minority phase is expected to appear as droplets in a continuous background of the majority phase. We tested this scenario for the sample with f ini ¼ 0.19 and c/c* ¼ 25. Indeed, the confocal images initially showed stretched, potentially space-spanning casein-rich domains, coloured in white in Fig. 3 . Subsequently, the domains fused into larger, spherical droplets that ultimately sedimented onto the microscope slide. This microscopic onset of phase separation agrees with expectations when treating our system as a typical colloid/polymer mixture.
12,17,38
The temporal evolution of the microscopic phase separation of all systems under study showed comparable features during the first 20 min: the casein-rich phase started as stretched domains, evolving into more spherical droplets, albeit with a slower evolution with increasing xanthan concentration. Interestingly, all systems with c/c* < 60 kept evolving, as shown for c/c* ¼ 25 in Fig. 3 . In contrast, for all systems with c/c* > 60 the relaxation of casein-rich domains effectively stopped after 20 min. Moreover, the domains showed no further minimization of the interface and seemed to be fixed in space.
To verify whether these clear differences in the evolution of the micro-domains led to distinguishable static structures, 2D images of all samples were compared 2 h after mixing, as shown in Fig. 4 . The schematic shows the position of the images in the sample volume. Indeed, the mixtures with c/c* ¼ 13 and f ini ¼ 0.13 and 0.19 had sufficiently sedimented yielding fully black images. Focussing lower in the sample volume, the sedimented caseinrich phase appeared homogeneously white, which implies that no xanthan-rich domains were left in the sediment. Surprisingly, the other samples in Fig. 4 almost all showed spherical casein-rich domains dispersed in a continuous xanthan-rich background, where the droplet size decreased with increasing xanthan concentration or decreasing casein content. Only for the samples with c/c* ¼ 63 and 88 and f ini ¼ 0.19, and with c/c* ¼ 88 and f ini ¼ 0.13 the casein-rich domains were somewhat stretched. Compiled 3D-stacks of these samples showed disconnected casein-rich phases, except for c/c* ¼ 88 and f ini ¼ 0.19 (results not shown). Therefore, the macroscopically observed arrest did not show any correlation with the structure of the casein-rich domains, but rather with the motional freedom of these domains in the xanthan background. This implies that in our casein/ xanthan mixtures it is the polymer-rich phase that exhibits the slowest dynamics and causes the macroscopic arrest. It thus opposes the route to gelation discussed in the Introduction, where the slow dynamics of the colloid-rich phase tend to arrest phase separating mixtures in which the polymer is significantly smaller than the colloid.
In summary, we have observed unexpectedly low equilibrium casein concentrations in our visually phase separating samples compared to existing theoretical predictions. Most importantly, we have found strong indications that the xanthan-rich phase causes an arrest of the phase separation process for c/c* > 60.
Mechanical properties
To elucidate the latter observation, we characterized the mechanical properties of mixtures with f ini ¼ 0.13 and c/c* ¼ 38-88 1-2 h after the initialization step. The frequency dependence of the loss modulus, G 00 , and storage modulus, G 0 , exhibited typical visco-elastic features; for the lowest xanthan concentration, c/c* ¼ 38, G 0 dominated at high frequencies, while G 0 and G 00 approached their cross-over point at low frequencies, as shown in Fig. 5(a) . With increasing xanthan concentration the cross-over frequency u c , where G 0 ¼ G 00 , shifted to lower frequencies and became too small to be accessible in our experiment with a limited frequency range of u ¼ 0.1-100 rad s À1 . To accurately determine both the cross-over frequency and the magnitude of the modulus at the cross-over frequency
, we used a scaling procedure; we normalized the frequency with u c and both storage and loss moduli with G c so as to obtain the best overlap of the low-frequency range of each individual dataset on a master-curve, as shown in Fig. 6(a) . This master-curve was strikingly similar to that obtained for xanthan solutions in the absence of casein, shown in Fig. 6(b) . This similarity strongly suggests that the rheology of the mixtures is predominantly determined by the xanthan-rich phase. Indeed, a comparison between the values obtained for u c in terms of structural relaxation times s R ¼ 2p/u c as a function of the xanthan concentration, depicted in Fig. 7 , led to an almost perfect collapse of both datasets, provided that the xanthan concentration of the mixtures was renormalized to the one within the accessible space, i.e. the space not occupied by casein, given by c/(c*$(1 À f ini )).
The structural relaxation time s R revealed a remarkably strong dependence on the xanthan concentration, which significantly exceeded the scaling typically found in polymers, where relaxation is dominated by reptation with a maximal scaling of s R z (c/c*) 7/3 for flexible polymers in a q-solvent. 39 Instead, we found s R z (c/c*) 7 which suggests that the relaxation time of xanthan in this concentration range is not simply set by reptation. Such an anomaly has been observed before, [40] [41] [42] [43] and is related to the tendency of xanthan to form double helices that connect two chains with each other. 42, 44, 45 These physical crosslinks break and reform continuously. If we consider that an increasing portion of xanthan will be trapped in double helices as the concentration increases, such non-linear increase in the number of double helices would account for the remarkable increase of s R with xanthan concentration.
The consequences of this strong increase of s R for the use of xanthan as a (food) thickener become tangible when we relate it to the demixing behaviour of our casein/xanthan mixtures. Varying the xanthan concentration in a narrow range of concentrations significantly shifts the structural relaxation time of xanthan. At some critical relaxation time the casein-rich domains become permanently trapped in the xanthan continuous phase, such that the system remains macroscopically homogeneous over an extended period of time. Indeed, we observe suppressed demixing for relaxation times longer than 3 Â 10 2 s, which is close to the typical relaxation time related to glass transitions of 10 2 s. Thus far, we have allocated the arrest transition at c/c* ¼ 60. Yet, the adjusted x-axis in Fig. 7 suggests that if we would draw an arrest line in Fig. 2 , it would be tilted such that the xanthan concentration in the free volume would be constant. However, we have not sufficiently zoomed in on this part of the phase diagram to determine the exact location of the arrest line.
Osmotic pressure and mesh size of xanthan
In the osmotic equilibrium theory used in Fig. 1 the key ingredients are the polymer concentration-dependent osmotic pressure and depletion thickness, derived for flexible chains in a good solvent in the presence of monodisperse pure hard spheres. It is questionable to which extent these theoretical results apply to xanthan. To test these assumptions, we derive estimates of the two key parameters from our rheological results.
In the first approach, the plateau elastic modulus G 0 can be related to the osmotic pressure of the polymer solutions, which in turn sets the strength of the depletion attraction between the colloids. 8, 9, 23 For systems where the elastic modulus does not show a clear plateau, like ours, G 0 can be approximated by the point where G 0 /G 00 is maximal. 46, 47 This point denotes the transition from relaxation of single chains in the background solvent at high frequencies to the long-time relaxation characterized by s R . As such, the low-frequency cross-over modulus that we determined before, G c in the inset of Fig. 7 , is related to, but not directly proportional to, G 0 .
To estimate G 0 , we extended the frequency range by diffusing wave-spectroscopy (DWS) micro-rheology. DWS enables us to measure the dynamics of added tracer particles and it relates their mean square displacement hDr 2 (t)i to the visco-elastic properties of the medium following the generalized Stokes-Einstein equation.
36, 48 Here we used tracer particles with R tracer ¼ 229 nm. The visco-elastic moduli determined with DWS micro-rheology perfectly overlapped with the rheometry data, as is shown in Fig. 8 for a representative xanthan solution of c/c* ¼ 38. Around the high-frequency cross-over point the frequency dependence of G 0 and G 00 showed a scaling of $u 1/4 and $u 3/4 respectively, as depicted in Fig. 8 . Interestingly, the same scaling factors were previously reported for highly entangled solutions of F-actin, which also behaves as a semi-flexible polymer.
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In DWS micro-rheology both G 0 and G 00 are determined from the curvature of the hDr cross-over, we would need precise knowledge of both G 0 and G 00 over an extended frequency range. As a compromise, we determined tangents to the dominant, and thus more accurately determined, elastic modulus with the frequency scaling typical for highly entangled semi-flexible polymers, G 0 z u , which is in perfect agreement with scaling behaviour for highly entangled semi-flexible polymers. 46, 47, 49 For the F-actin mentioned before, an experimental scaling of 1.4 was found, compared to a theoretical scaling of 1.33. 47 In contrast, in the less entangled semi-dilute concentration regime, a scaling of $(c/c*) 9/4 is predicted. Indeed, for c/c* < 40 we observed a steeper scaling, with a larger discrepancy between the two methods, suggesting that the assumption of highly entangled scaling to estimate G 0 is not valid in this concentration range. All in all, this implies that the osmotic pressure of the xanthan solution above the coexistence curve increases with $(c/c*)
x , where x z 2 for c/c* < 40 and x z 1.38 for c/c* > 40. In the depletion picture, the xanthan osmotic pressure sets the strength of the attraction between the caseins. Our scaling exponents imply that the osmotic pressure increases more than linearly with the xanthan concentration. This in turn suggests the presence of very strong attractions between the caseins in our mixtures. These findings stand in stark contrast to our experimental tie lines in Fig. 2 . The unexpected low concentrations of casein in the casein-rich phase suggest much weaker attractions.
To further elucidate the influence of xanthan, we estimated the mesh size x of the xanthan solutions. It has been shown that above c* the mesh size, rather than the polymer radius, determines the second parameter used in the theory, the depletion thickness. 22, 23 The mesh size is defined as the typical size of polymer blobs between entanglements, and decreases with increasing polymer concentration. Opposite to the scaling for flexible chains in a good solvent, where x z (c/c*) . 50, 51 This implies that the depletion thickness decreases much less than predicted by our theoretical description. Hinsch et al. defined the mesh size of highly entangled solutions of semi-flexible polymers by
, where n is the number density of polymers with contour length L c , 51 which is typically found to be L c ¼ 2 mm for renatured xanthan. [29] [30] [31] From this we estimated the mesh size to decrease from x z 100 nm to x z 30 nm with increasing xanthan concentrations of c/c* ¼ 13 to c/c* ¼ 88. Compared to the size of caseins, R colloid ¼ 100 nm, these estimates suggest that the attractions are not decidedly short-ranged. In such systems gels have been observed before, but are not yet extensively characterized.
2,21
Next to proving that the dynamics of the xanthan-rich phase induce the arrested phase separation for c/c* > 60, our rheological investigations yielded estimates of the osmotic pressure and the mesh size of the xanthan-rich phase. These properties supposedly determine equilibrium properties of the two phases. Surprisingly, we found a concentration scaling of the osmotic pressure that would predict a much stronger densification of the casein-rich phase than we observed. The estimated range of the attractions, larger than 0.1$R colloid , suggested that wellestablished findings from short-range attractive systems are not applicable to our casein/xanthan mixtures. However, it does not exclude transient gelation, which has previously been observed in longer-range attractive systems as well.
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Dynamics of the casein-rich phase
To study the effect of attractions on the casein-rich phase, we measured the dynamics of the caseins, in the form of the mean square displacement hDr 2 (t)i, by DWS. We exploited the fact that the scattering contribution of xanthan is negligible compared to that of casein, to perform the experiments in the mixed state. We investigated two series of samples: in series 1 we maintained the xanthan concentration at c/c* ¼ 38 and varied the casein content in the range of f ini ¼ 0.06-0.19; in series 2 we maintained the casein concentration at f ini ¼ 0.13 and varied the xanthan concentration in the range of c/c* ¼ 38-88. As shown in Fig. 4 , the systems of both series were not demixed after 2 h waiting time, with the casein being trapped in some droplet phase of varying size.
For series 1 we compared the dynamics measured in the mixed state to those measured in the casein phase after demixing. Our experiments revealed that the dynamics of all samples were essentially indistinguishable, as shown in Fig. 9(a) . The almost perfect collapse of data obtained in the mixed phase and the condensed sedimented phase showed that we indeed probed the individual caseins in the casein-rich phase, and that the caseins in this series all experienced comparable environments. The correlation functions fully decayed, which limited the mean square displacement data to shorter times, in which they initially increased linearly with time. These results corroborate our findings from microscopy that the casein-rich domains internally relax on sub-second time scales and are decidedly fluid-like.
In addition, the agreement between samples measured at different stages of the sedimentation process suggests that we look at the equilibrium composition of the casein-rich phase in such mixtures. Indeed, xanthan solutions at c/c* ¼ 38 relaxed on experimentally relevant time scales, as can be read from Fig. 6 . All in all, we find an equilibrium casein-rich phase, with a casein concentration that is low compared to what we would expect from the osmotic pressure of the xanthan network. We tentatively argue that the large persistence length of xanthan, together with the onset of double helix formation in the concentration range under study, affects the configuration and the osmotic pressure of our highly entangled xanthan in the confinement between the caseins. Unfortunately, we have not managed to explicitly determine the xanthan concentration in both phases. Nevertheless, the significantly faster dynamics of the caseins compared to tracer particles at comparable overall xanthan concentrations, as visible from Fig. 9(a) , confirm that the properties of the solvent in the casein-rich phase are not a direct continuation of those of the xanthan-rich phase.
Finally, to put our data into perspective, we compared series 2, where we varied the xanthan concentration, to a concentration series of casein in skim milk permeate up to volume fractions just below the jamming transition, f ¼ 0.52 to f ¼ 0.68. The casein concentration series did not show significant caging effects on the accessible time and length scales in the form of a plateau at longer times, as denoted by the lines in Fig. 9(b) . This suggests that the casein solutions were in the fluid state. We were limited by the filtration procedure used to concentrate the caseins, such that we could not reach concentrations at or above the glass transition. 25, 26 Next to the specific properties of xanthan that could explain our unexpected phase behaviour, caseins show deviations from hard sphere behaviour as well. There is some evidence that at such high volume fractions the osmotic pressure of casein dispersions is much higher than expected for hard spheres. 25 This would further limit the applicability of our theory.
The long-time dynamics of caseins in some of the mixtures of series 2 showed a significant slowing down compared to the pure caseins, as visible in Fig. 9(b) . At short times, the dynamics followed the trends in f CRP with increasing xanthan concentration denoted by the tie lines in Fig. 2 . Note that the listed volume fractions strongly depend on the voluminosity which is taken as a constant here, and should therefore be taken as indicative values only.
34,37 Intuitively, we would relate the slowing down at long times to the presence of additional depletion-induced attractions and the onset of an attractive glass transition. A closer look at the data shown in Fig. 9 (b) in fact indicates fluidlike dynamics for c/c* ¼ 38, onset of caging for the sample with c/ c* ¼ 63, and arrested dynamics with a well developed plateau at c/c* ¼ 88. However, as the plateau in the mean square displacement of colloids critically depends both on the volume fraction and interaction potential, we can currently not comment on the nature of the arrest observed in the sample with the highest xanthan concentration.
Conclusions
We presented experimental data that elucidate two surprising phenomena observed in casein/xanthan mixtures which are deeply quenched into the two-phase region. At xanthan concentrations around c* such mixtures follow the typical behaviour of colloid/polymer mixtures governed by depletion interactions as described by Generalized Free Volume Theory (GFVT).
1 Upon our deeper quenches, we first demonstrated that demixing of casein/xanthan mixtures is suppressed for xanthan concentrations c/c* > 60. In contrast to colloid/polymer mixtures with short-range attractions, where a particle gel can form that arrests the phase transition, we found that xanthan formed the continuous phase in which casein-rich domains-occupying up to a fifth of the total volume-become effectively trapped. The organisation of xanthan into inter-and intra-molecular helices caused the remarkably strong dependence of the relaxation time on the xanthan concentration.
For shallower quenches of 13 < c/c* < 60 we subsequently showed a significant deviation of the theoretically predicted composition of coexisting phases and those found experimentally. Phenomenologically, our systems with c/c* < 60 showed all the typical features of phase separation proceeding via spinodal decomposition eventually reaching equilibrium compositions in two fully separated phases. Our estimates of the key quantities to describe the phase behaviour of colloid-polymer mixtures for arbitrary size ratios-being the osmotic pressure of the polymer solution and the depletion thickness for the polymers around the colloids-suggest that xanthan neatly behaved as a semi-flexible polymer. Yet, we find unexpectedly low casein concentrations in the casein-rich phase. We expect that this discrepancy is related to the theoretical assumption that the properties of xanthan in the confined spaces in the casein-rich phase can be described by the properties of xanthan in the bulk continuous phase. Notably the large persistence length of xanthan and its tendency to form double helices will have a strong effect under confinement. Finally, for c/c* > 80 we found signatures of a glassy arrest of the casein-rich phase. However, based on the current data we cannot conclude on the nature of the glass transition that the caseins exhibit.
In summary, mixtures of casein and xanthan, both extensively used as food ingredients, form an interesting system to bridge the knowledge gap from model systems to real (food) products. We have tried to show that current theoretical models start to grasp the added complexity of natural ingredients, but do not yet fully capture the entire phase behaviour. The subsequent application of our understanding of equilibrium phase diagrams to nonequilibrium gel states is therefore implicitly hampered. It would be interesting to compare our results to mixtures of caseins with more ideal polymers, like pullulans, or to mixtures of xanthan with colloids that behave more like hard spheres. 38 Nevertheless, our rheological findings yield a straightforward tool to estimate properties like shelf life for more complex products based on xanthan. In contrast, our results mostly raise questions about the nature of arrest in colloidal systems with long-range attractions. Further research is needed to shed light on this intriguing issue.
